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THE REGULARITIES OF IRON COMPOUNDS TRANSFORMATION BY CITROBACTER FREUNDII
Ml-31.1/1
T h e p u r p o s e o f th e w o r k w a s to s tu d y th e r e g u la ritie s o f F e (III) c o m p o u n d s re d u c tio n u n d e r th e c o n d itio n s o f lim ite d a e ra tio n b y th e s tr a in C itro b a c te r fr e u n d ii M l-3 1 .1 /1 , a n d to assess' th e ro le o f F e (III)-r e d u c in g b a c te r ia (F R B ) in iro n c o m p o u n d s tr a n s fo r m a tio n in e c o sy ste m s. T he fo ll o w in g m e th o d s w e r e u se d : c u ltiv a tio n o f m ic r o o r g a n is m s u n d e r th e c o n d itio n s o f lim ite d a era tio n , c o lo r im e tr ic d e te r m in a tio n o f b io m a s s a n d F e ( I II ) a n d F e ( I I) c o m p o u n d s c o n c e n tr a tion, th e p o te n tio m e tr ic m e a s u r in g o f p H a n d E h , g a s c h r o m a to g ra p h y . R e s u lts : T h e r m o d y n a m ic c a lc u la tio n s o f m ic r o b ia l in te ra c tio n w ith iro n c o m p o u n d s w e r e e x p e r im e n ta lly verified. T h e r e g u la r itie s o f F e (III) a n d F e (II) c o m p o u n d s tr a n s fo r m a tio n b y th e m o d e l s tr a in C itro b a c te r fr e u n d ii M l-3 1 .1 /1 , is o la te d fr o m th e ty p ic a l m id -la titu d e e c o s y s te m -r iv e r s lu d g e w e re ob ta in ed . T h e b a la n c e o f iro n c o m p o u n d s re d istrib u tio n in c e lls a n d in th e e x tra c e llu la r fr a c tio n w a s e sta b lish e d . C o n c lu sio n s : T h e r e s u lts o b ta in e d a re th e b a s is to a s s u m e th a t n o n -s p e c ific in te r a c tio n o f m ic r o o r g a n is m s w ith iro n m a y s ig n ific a n tly in flu e n c e tr a n s fo r m a tio n o f iron. T h e r m o d y n a m ic p r o g n o s is a llo w s to c a r r y o u t ta r g e te d re g u la tio n o f m ic r o b ia l m e ta b o lism . K e y w o r d s: th e r m o d y n a m ic p r o g n o s is , m ic r o b ia l F e ( I II ) r e d u c tio n , p r e c ip i ta tio n o f ir o n c o m p o u n d s , b io g e o c h e m i c a l c y c l e s o f ir o n tr a n s fo r m a tio n .
The participation o f m icroorganism s in the processes o f iron compounds transformation is already known for about a century [1, 2] . Although microbial iron reduction has been studied for a long time, the regularities o f iron compounds transformation by microorganisms, as well as their contribution to biogeochemical cycles o f iron transformation in ecosystems are still poorly understood.
It is considered that the leading role in the reduction o f Fe(III) to Fe(II) belongs to dissim ilatory Fe(III)-reducing bacteria. However, a lim ited num ber o f m icrobial species (for exam ple, Shewanella putrefaciens, Geobacter metallireducens) is know n to specifically reduce Fe(III) in dissim ilatory m etabolism producing energy [3, 4, 5] . On the other hand, there are m any microorganisms that reduce Fe(III) compound as well as oxygen, nitrate, sulfate and other term inal electron acceptors (for exam ple, Bacillus, Clostridium, Desulfovibrio, Escherichia, Pseudomonas, etc.) [2, 6] .
Therm odynam ic evaluation o f pathw ays o f iron compounds transform ation confirm s th at F e (III) m ay be red u ced to F e(II) by a w ide range o f m icroorganism s. We assum e that these m icroorganism s can reduce Fe(III) com pounds non-specifically, i.e, by production o f exom etabolites-reducing agents, by lowering o f redox-potential o f nutrient m edium, as well as by lowpotential redox-enzym es functioning.
These organism s are w idespread in natural ecosystem s, and m icrobial reduction o f Fe(III) to Fe (II) is therm odynam ically feasible. So, we assume that the non-specific Fe(III) reduction should significantly influence the biogeochem ical cycles o f iron com pounds transform ation in ecosystems. Therefore, the purpose o f our work was to study the regularities o f Fe(III) com pounds reduction under the conditions o f lim ited aeration by the strain Citrobacterfreundii M l-31.1/1, and to assess the role o f Fe(III)-reducing bac teria in iron com pounds transform ation in ecosystems.
Materials and methods.
The regularities o f m icrobial iron reduction were studied using a m odel strain Citrobacter freundii M l-31.1/1. We isolated as the result o f natural ecosystem s screening for the presence o f Fe(III)-reducing bacteria. We isolated the strain from a widespread natural ecosystem o f middle latitudes -river sludge (river Grun, Synivka village, Sumy region, Ukraine). R iver sludge is a m ixture o f organic com pounds that are degradation prod ucts o f aquatic organisms. Therefore, cultivation o f m icroorganisms was carried out in protein nutrient m edium "N utrient broth" (NB) (H iM edia Laboratories Pvt. Ltd., India), and in the NB with glucose (NB+gl) (glucose concentration was 10 g/l). G lucose was used as the additional carbon and energy source stim ulating the functioning o f low-potential redox-enzymes. The concentration Fe(III) citrate in the nutrient m edium was 0.2 g/l o f iron cations.
N utrient m edium (200 ml) and 3 ml o f m icrobial suspension in physiologi cal solution (M cFarland standard 6 -1.8 109 CFU/ml o f cell suspension) were added in flasks (volum e 250 ml). The flasks were sealed by rubber stoppers and metal clamps. Cultivation was carried out under the conditions o f lim ited aeration at 30 °C during 48 hours.
Following param eters were the criteria o f microbial metabolic activity. They were change o f pH and Eh value, oxygen consum ption, hydrogen and carbon dioxide synthesis by m icroorganism s, biom ass increase, decrease o f Fe(III) concentration and increase o f Fe(II) concentration.
The pH and Eh o f the culture liquid was m easured by the potentiom etric m ethod with the pH-m eter-m illivoltm eter "pH-150 M A " . The m easuring elec trode ЭСК -10603/4 was used to determ ine the pH. Redox-potential was m ea sured using platinum m easuring electrode ЭПВ-1. The silver chloride electrode ЭВ.П-1M3 was used as reference.
The gas phase com position in the flasks was determ ined by the standard m ethod using a gas chrom atograph .H X M -8-M^ [7] . The chrom atograph is equipped with two steel colum ns -first (I) for analysis o f H 2, O2, N 2 and CH 4, second (II) -for analysis o f CO 2.
D etector-katharom eter colum n param eters: I -l = 3 m, d = 3 mm, w ith a m olecular sieve 13X (NaX); II -l = 2 m, d = 3 mm, with Porapak-Q carrier. Colum n tem perature -+60 °C, evaporator tem perature -+75 °C, detector tem perature -+60 °C. The detector current -50 mA. Carrier gas -argon, the gas flow rate -30 cm 3/min.
The percentage o f prim ary gases -H 2, CO2, N 2 and O2 -in the gas phase was determ ined by the standard procedure calculating the peak square o f the gas phase components.
The concentration o f Fe(III) and Fe(II) was determ ined in cells and in the extracellular fraction. The concentration o f dissolved and precipitated Fe(III) and Fe(II) compounds was also calculated in the extracellular fraction.
The contents o f Fe(III) and Fe(II) was m easured by colorim etric methods. The concentration o f Fe(II) was determ ined using o-phenanthroline [8] . For this purpose 0.75 ml o f 0.25 % o-phenanthroline solution was added to 1.5 ml o f the sample. The presence o f Fe(II) was indicated by the appearance o f red orange color due to the interaction o f Fe(II) compounds with o-phenanthroline. The m easurem ent o f Fe(II) was conducted using the photoelectric colorim eter (K 0 K -2 M n ) at X = 490 nm and an optical path length o f 0.5 cm.
The concentration o f Fe(III) was determ ined by the form ation o f red-col ored com pounds o f Fe(III) with potassium rhodanide in acidic conditions [8] . R hodanide (0.25 ml o f 1.5 M KSCN ) and 0.75 ml o f concentrated HCl were added to 1.5 ml o f the sample. The presence o f Fe(III) was indicated by the ap pearance o f the red color. Concentration o f Fe(II) was m easured on photoelec tric colorim eter (K 0 K -2 M n ) at X = 490 nm and optical path length o f 1 cm.
The concentration o f iron com pounds was m easured according to the follow ing scheme. First o f all, 6 ml o f culture liquid was centrifuged at 2655 g for 15 minutes. The supernatant was decanted and used for the m easurem ent o f dissolved iron com pounds concentrations by the m ethod described above.
T he precip itate consisted o f bacterial biom ass and p recip itated iron compounds. It was suspended in the same volum e (6 ml) o f citric acid solution (3 g/l). Citric acid solution o f was used as the chelating com pound to transform the precipitated iron com pound into dissolved form. which is available for the colorim etric m easuring. The obtained solution was centrifuged at 2655 g for 15 m inutes again. The supernatant was decanted and used to determ ine the concentration o f the precipitated iron compounds.
The precipitate consisting o f bacterial biom ass was suspended in 6 ml o f physiological solution to m easure its optical density. Optical density o f the cell suspension was m easure by photoelectric colorim eter (K $ K -2 M n ) at X = 540 nm in 0.5 cm cuvette. Biom ass grow th was estim ated by increase of its concentration in the medium. For this purpose optical density o f biom ass suspension was recalculated to the concentration o f biom ass according to the calibration graph.
The cell suspension was centrifuged one more time at 2655 g for 15 minutes. The supernatant was decanted. The precipitated biom ass o f m icroorganism s was used to determ ine the concentration o f iron com pounds in cells. The precipitate was suspended in 6 ml o f 10 % HCl. M icrobial cells were lysed in strongly acidic conditions at pH = 1.0. Iron com pounds becam e available for measurem ent. The color o f Fe(II) and o-phenanthroline com plex develops slowly and is weakly expressed at pH < 2.0 [8] . Therefore, the obtained acidic solution w as neutralized by adding dry N a2C O 3 to accurately m easure the concentration o f Fe(II) com pounds in the cell fraction.
Results and discussion. Only a lim ited num ber o f m icroorganism s (for example, Shewanella putrefaciens, Geobacter metallireducens) were thought to reduce Fe(III) com pounds and to use it as a term inal electron acceptor in dissim ilatory m etabolism [3, 4] .
T herm odynam ic evaluation o f iron com pounds transform ation pathw ays show ed that m icroorganism s may reduce Fe(III) to Fe(II), as well as m obilize and im m obilize iron compounds. The transform ation o f iron com pounds is determ ined by the values o f pH and redox-potential, that are influenced by m icroorganism s. The fields o f iron therm odynam ic stability were designed by us according to Pourbaix equations [9] .
F e (III)-re d u c in g b a c te ria w ere show n to be w id esp read in natural ecosystem s according to our previous screening. These ecosystem s differ in geographical location (Antarctic, Arctic, the D ead and the B lack Sea, South A m erica (Ecuador), m id-latitudes (U kraine, A bkhazia)) and in a range o f extrem e factors affecting m icroorganism s (organic and inorganic xenobiotics, tem perature, light conditions, etc.) [10] .
Iron com pounds are present in ecosystem s at a concentration from several m illigrams to grams per 1 kg o f soil [11] . The num ber Fe(III)-reducing bacteria, according to our researches, ranges from 1.1-102 to 2.8 107 cells/g o f absolutely dry sample [12] . Therefore, m icroorganism s capable to reduce Fe(III) to Fe(II) can be assum ed to play an im portant role in the biogeochem ical cycles o f iron com pounds transform ation in ecosystems.
M icrobial iron reduction efficiency depends on the difference o f potentials betw een electron donor and acceptor systems. Acceptor system potential, i.e. F e(n i) compounds, doesn't change. Therefore, the efficiency o f microbial iron reduction can be increased by changing the potential o f donor system [9, 13] . In this connection, to study the regularities o f iron compounds transformation model strain Citrobacterfreundii Ml-31.1/1 was inoculated in two variants o f the liquid medium. The first one was a protein m edium (nutrient broth -NB). The second one was a protein medium with glucose at the concentration o f 10 g/l. Glucose was used as an additional low-potential electron donor for microorganisms.
Com parison o f m icrobial growth param eters indicated that the presence o f glucose in protein culture m edium increased the activity o f the strain growth (Fig. 1) . This is m anifested in the biom ass increase. Culture reaches the stationary grow th phase after 5 hours o f cultivation in protein culture m edium, as well as in the m edium with glucose. However, the optical density at this point is 1.4 tim es higher in the m edium w ith glucose. D ecrease o f pH and redox-potential o f the m edium was proportional to the grow th o f biom ass during 5 hours o f cultivation. The pH o f the protein m edium decreased to a m inim um value o f 6.9, and than rem ained w ithin 7.0-7.2. The pH o f the m edium w ith glucose decreased to 6.4 in 5 hours o f growth, and further -to 5.3 gradually over the next 43 hours. The redox-potential o f the m edium with glucose was decreased from +450 m V to -6 5 mV, and o f the protein m edium -only to +95 m V Consequently, during the strain grow th redox-potential o f the m edium with glucose decreased to 160 m V low er than o f the protein medium. Oxygen consum ption occurred proportionally to the biom ass grow th in the protein m edium (Fig. 2) . The concentration o f O2 in the gas phase decreased from 21 % to 13.9 % during 8 hours o f growth. A fter m icroorganism s reached the stationary grow th phase the rate o f its use was significantly decreased. At the same tim e the concentration o f O2 on glucose m edium was decreased up to 11.3 %. A fter 15 hours o f m icrobial grow th the concentration o f O2 on glucose m edium was 4 %.
The concentration o f carbon dioxide after 8 hours o f cultivation in the m edium with glucose was 1.8 tim es higher than in the protein medium. The m axim um concentration o f CO2 in the protein m edium was 7.6 % after 48 hours o f the strain growth. In the m edium with glucose m axim um concentration o f carbon dioxide (23.8 %) was noted after 39 hours.
The m axim um hydrogen concentration after 8 hours o f cultivation in protein m edium was 1.3 %, that is 5 tim es low er than in the m edium with glucose. M axim um concentration o f H2 on the m edium with glucose was after 15 hours o f cultivation (21.6 %) and then rem ained w ithin 15.7-14.5 %. It is 18 tim es higher than for the protein medium.
T herm odynam ic evaluation allow s to prognose the pathw ays o f iron compounds transform ation by microorganism s. The data obtained suggest that the strain can quickly and effectively reduce Fe(III) to Fe(II) [9, 10] . This is facilitated by low value o f the redox-potential o f culture liquid, intensive decrease o f oxygen concentration in the gas phase that m ay inhibit Fe(III) reduction as the com petitive term inal electron acceptor [13] . Active hydrogen synthesis m ay indicate the functioning o f low potential redox-enzym es that contribute to the effective reduction o f Fe(III) compounds.
Com parison o f m etabolic param eters o f the strain grow th gives reason to suppose that the efficiency o f Fe(III) reduction by m icroorganism s will be higher on the m edium with glucose. This is evidenced by the following: the redox-potential o f the m edium with glucose was 160 m V lower than that o f the protein m edium, concentration o f O2 after 15 hours o f grow th was 2.8 tim es low er and H 2 concentration was 19.1 tim es higher. We can prognose Fe(III) reduction, as well as the effectiveness o f iron compounds precipitation. Basing on therm odynam ic calculations the efficiency o f iron precipitation on the protein m edium m ay be higher than on the m edium w ith glucose.
Ions o f Fe3+ are not stable at the pH above 1.6, and Fe2+ ions -at the pH above 6.6 [9] . The pH values o f the protein m edium did not fall below 6.9. So it is likely that Fe(III) and Fe(II) m ay precipitate if m icroorganism s degrade the chelating com pound -citrate. A t the same tim e, organic acids are often degradation products o f glucose. They m ay chelate iron and keep it in solution in stable form.
Furtherm ore, C O 2 concentration increasing in the protein m edium at the pH values close to neutral prom otes the form ation o f insoluble iron carbonate (FeCO 3). D espite the fact that CO2 concentration in the m edium with glucose was by 3.1 tim es higher than in the protein m edium its pH was significantly low er (up to 5.3). Form ation o f insoluble iron carbonate is im possible in acidic conditions.
Form ation o f sulfide during the degradation o f sulfur containing amino acids by m icroorganism s is another factor contributing to the precipitation o f iron compounds. W ell-soluble form o f sulfide -sulfhydryl anion (HS-) -dom inates at the pH close to neutral, as it is in the protein m edium. Consequently, H Sprecipitates Fe(II) com pounds in the form o f FeS. Additionally, sulfhydryl group reduces Fe(III) to Fe(II) and then form s an insoluble iron sulfide (FeS). A t the same tim e, m icroorganism s acidified the m edium w ith glucose. U nder such conditions, the H2S form is predominant. H ydrogen sulfide is gas that has low solubility in water. That is why iron sulfide is not form ed [14] .
O btained results o f the strain Citrobacter freundii M l-31.1/1 interaction w ith Fe(III) confirm our therm odynam ic calculations [10] . M icroorganism s reduced Fe(III) to Fe(II), precipitated iron com pounds and accum ulated them in cells.
As expected, Fe(III) reduction efficiency was twice higher in the m edium with glucose than in the protein medium. The effectiveness o f Fe(III) and Fe(II) precipitation was by 6.1 tim es higher in the protein medium. The efficiency o f iron com pounds accum ulation was by 3.4 tim es higher in the protein m edium too.
It is know n that m icroorganism s can dissim ilatory reduce Fe(III) by iron specific reductases w ith energy obtaining (for example, Shewanella putrefaciens, Geobacter metallireducens [3, 4, 5] ). In this case, iron reduction corre lates with biom ass increase, that is its reduction occurs in logarithm ic growth phase. This process is carried out by enzymes specialized, nam ely specific, for Fe(III). We call this type o f Fe(III) reduction as specific iron reduction. A nother way is to reduce Fe(III) in late logarithm ic and stationary growth phases, and presence o f Fe(III) doesn't increase biom ass yield. In this case, iron reduction may occur due to non-specific redox-enzymes as well as exometabolites-reducing agents (for example, cysteine). This type o f Fe(III) reduction we call non-specific iron reduction.
Com parison o f m etabolic param eters o f the strain grow th gives reason to suppose that it reduced Fe(III) to Fe(II) non-specifically. Active reduction o f Fe(III) began after 2 hours o f m icrobial growth. Intensive Fe(III) reduction oc curred in the late logarithm ic growth phase, and also continued in early station ary grow th phase in the m edium w ith glucose (Fig. 3) . This may indicate non specific Fe(III) reduction due to the accum ulation o f exom etabolites-reducing agents in the culture medium.
The efficiency o f iron com pounds precipitation was higher in the protein m edium than in the m edium w ith glucose. T he m ost in tensive Fe(III) com pounds p rec ip ita tio n w as o b serv ed w hen m icroorganism s reached the stationary grow th phase after 10 hours o f growth. The m ost intensive precipitation o f insoluble Fe(II) compounds was noted after 15 hours o f growth (Fig. 4) .
The efficiency o f iron com pounds accum ulation in cells was also higher in the protein m edium . The rate o f their accum ulation does not correlate w ith the biom ass increase. We assum e that the accum ulation o f iron can be attributed to its sorption by dead cells. Substrate concentration in the protein m edium is low er than in the protein m edium with glucose, w here glucose is an additional source o f carbon and energy. Since m icroorganism s in the protein m edium are lim ited in the substrate, the cell death and biom ass sorption o f iron com pounds may occur m ore intensively. 
Conclusions.
The results obtained are the basis to assum e that non-specific interaction o f m icroorganism s with iron m ay significantly influence transform ation o f iron.
T herm odynam ic prognosis allow s to carry out targeted regulation o f m icrobial metabolism. It m akes possible to prognose and control the intensity and efficiency o f iron com pounds transform ation by microorganism s. 
